along with an overall methane emission increase of 24-45 Tg yr -1 . Based on these results, the 29 2 oil and natural gas emission contribution C to the renewed methane increase is deduced using 1 three different emission scenarios with dedicated EMR ranges. Reference scenario 1 assumes 2 an oil and gas emission combination with EMR = 7.0-16.2 %, which results in a minimum 3 contribution C > 39 % (given as lower bound of 95 % confidence interval). Beside this most 4 plausible scenario 1, we consider two less realistic limiting cases of pure oil-related emissions 5 (scenario 2 with EMR = 16.2-31.4 %) and pure natural gas sources (scenario 3 with EMR = 6 4.4-7.0 %), which result in C > 18 % and C > 73 %, respectively. Our results suggest that 7 long-term observations of column-averaged ethane provide a valuable constraint on the 8 source attribution of methane emission changes and provide basic knowledge for developing 9 effective climate change mitigation strategies. 10 11
along with an overall methane emission increase of 24-45 Tg yr -1 . Based on these results, the 29
Introduction 12
Methane (CH 4 ) is the second most important anthropogenic greenhouse gas and responsible 13 for about 20 % of global warming since pre-industrial times (Kirschke et al., 2013) . Due to its 14 relatively short atmospheric lifetime of about 9 years, methane is an attractive target for 15 climate change mitigation strategies in the next few decades (Dlugokencky et al., 2011) . This 16 requires an accurate understanding of the global and regional atmospheric methane budget, 17 which is determined by a large variety of natural and anthropogenic sources. About 60 % of 18 total methane emissions originate from anthropogenic activities (IPCC, 2013) . Northern 19 hemispheric sources account for 70 % of global emissions (Kai et al., 2011) . Three major 20 processes of methane formation can be distinguished: biogenic methane produced by 21 microbes from organic matter under anaerobic conditions (e.g., in wetlands, ruminants and 22 waste deposits), thermogenic methane formed in geological processes at elevated 23 temperatures (fossil fuels), and pyrogenic methane produced by incomplete combustion 24 processes, e.g. biomass burning (Kirschke et al., 2013) . 25 26 The global atmospheric methane burden has more than doubled since 1750. After a decade of 27 near-zero growth (Dlugokencky et al., 2011; Heimann, 2011; Pison et al., 2013) , global 28 methane concentrations started to rise again in 2007 (Rigby et al., 2008; Bousquet et al., 29 2011; Frankenberg et al., 2011; Sussmann et al., 2012; Nisbet et al., 2014) . Since then the 30 methane burden has continuously increased with particular strong growth in 2014 (Nisbet et 31 al., 2015) . The growth rate decline before 2007 has been interpreted as approaching a steady 32 state with essentially constant global emissions since the mid-1980s (Dlugokencky et al., 1 1998) . Causes for the renewed increase in global methane levels since 2007 are still poorly 2 understood, which is, amongst others, reflected in a persistent discrepancy between bottom-up 3 and top-down estimates of methane emissions (e.g., Nisbet and Weiss, 2010; Kirschke et al., 4 2013) . 5 6 Recent work gives evidence that there are likely two dominant contributors to the recent 7 methane increase (Kirschke et al., 2013; Nisbet et al., 2014) , namely increasing emissions 8 from (i) tropical and boreal wetlands driven by precipitation and temperature anomalies 9 (Dlugokencky et al., 2009; Bousquet et al., 2011) , and (ii) growing exploitation of fossil fuels 10 (natural gas, oil, and coal) (e.g., Bergamaschi et al., 2013 ; see also references in the 11 subsequent paragraph). Even though they introduce interannual variability, biomass burning 12 emissions are found to play only a minor role in explaining the positive long-term methane 13 trend since 2007 (Dlugokencky et al., 2009; Bergamaschi et al., 2013) and global fire 14 emissions slightly decreased between 2000 (Giglio et al., 2013 . Valuable 15 information for methane source identification is provided by observations of methane isotopes 16 (Dlugokencky et al., 2011; Levin et al., 2012) . Since 2007 global methane has become more 17 depleted in 13 C, which suggests a dominant role of growing 12 C-rich biogenic emissions, 18 especially from wetlands and ruminants (Nisbet et al., 2014) . The recent global average 19 methane growth (~6 ppb yr -1 ) corresponds to an imbalance between emissions and sinks of 20 about 16 Tg yr -1 , which can be best reconciled with three decades of methane (isotopic) 21
observations if attributed to increasing tropical wetland and fossil fuel related emissions 22 (Dlugokencky et al., 2015a) . Bergamaschi et al. (2013) attribute the renewed increase mainly 23 to growing anthropogenic emissions (being, however, significantly lower than estimates in 24 bottom-up inventories) superimposed by interannual variations of wetland and biomass 25 burning emissions. Using a GEOS-Chem model tagged simulation Bader et al. (2015) suggest 26 that the recent methane increase is dominated by anthropogenic emissions from increased 27 fossil fuel extraction. 28
29
Particularly important in this context is the strong increase in U.S. oil and natural gas 30 production starting in the mid-2000s (Moore et al., 2014; Wang et al., 2014) , which is 31 expected to continue through 2040 (U.S. Energy Information Administration, 2014) . This has 32 been facilitated by the development of new extraction techniques (hydraulic fracturing and 1 horizontal drilling), which involve additional fugitive methane emissions during flowback 2 periods compared to conventional techniques (Field et al., 2014; Howarth, 2014) . Several 3 studies report that methane emission from this industry is likely underestimated (Karion et al., 4 2013; Miller et al., 2013; Brandt et al., 2014; Kort et al., 2014; Pétron et al., 2014; Schneising 5 et al., 2014; Turner et al., 2015) . Furthermore, the rapid growth of coal exploitation since 6 2000 -especially in China (OECD/IEA, 2015) -potentially contributes to increasing methane 7 emissions (Bergamaschi et al., 2013; Kirschke et al., 2013) . 8 9 The major loss process for methane is oxidation by the hydroxyl radical (OH). Trends in the 10 global OH concentration can have a large impact on the global methane budget (Rigby et al., 11 2008) , but OH trends are difficult to quantify due to the extremely short lifetime of OH and its 12 control by many different drivers. IPCC (2013) reports no evidence for an OH trend from 13 1979 to 2011 based on methyl chloroform measurements. Consistently, Kai et al. (2011) infer 14 a stable OH sink from 1998-2005 using δD-CH 4 observations. During 1998 During -2008 year changes in OH concentrations are found to be small (Montzka et al., 2011) and have only 16 a minor impact on methane emissions inferred from inverse modeling (Bousquet et al., 2011) . 17 18 Overall, evidence suggests that the renewed methane increase since 2007 is mainly caused by 19 a combination of increased tropical wetland emissions and increased emissions from fossil 20 fuel exploitation. However, the relative contribution of these two drivers remains highly 21 uncertain ( Kirschke et al., 2013) . The goal of this study is to quantify the contribution of 22 increased oil and natural gas production emissions to the renewed methane increase since 23 2007. Our approach is to use long-term solar Fourier transform infrared (FTIR) measurements 24 of methane in combination with ethane. Ethane (C 2 H 6 ) is a valuable tracer of thermogenic 25 methane as both emissions are known to be strongly correlated (Aydin et al., 2011; Simpson 26 et al., 2012) . 27 28 This paper is structured as follows: Section 2 introduces the FTIR observations, retrieval 29 strategies and trend analysis methods. Results of the long-term trend analysis for column-30 averaged ethane and methane are presented in Sect. 3. Subsequently, we develop optimized 31 standard retrieval within NDACC. Mid-infrared NDACC-type methane retrievals are in good 23 agreement with near-infrared FTIR measurements from the Total Carbon Column Observing 24 Network TCCON (Sussmann et al., 2013; Ostler et al., 2014) . For the retrieval of column-25 averaged ethane we follow the strategy applied in Vigouroux et al. (2012 Vigouroux et al. ( ) using two micro-26 windows (2976 Vigouroux et al. ( .66-2976 Vigouroux et al. ( .95 cm -1 , 2983 Vigouroux et al. ( .20-2983 .55 cm -1 ), an ethane pseudo-line list (Franco 27 et al., 2015) , and first-order Tikhonov regularization. In agreement with the NDACC Infrared 28
Working Group retrieval recommendations (IRWG, 2014), we consider three interfering 29 species (water vapor, ozone, and methane) and choose an a priori volume mixing ratio profile 30 derived from WACCM (Whole Atmosphere Chemistry Model, version 6; Garcia et al., 2007) . 31
The a priori influence has been shown to be negligible on methane trend estimates in 32 1 spectral fitting code PROFFIT (PROFile Fit, Hase et al., 2004) . The vertical information 2 contained in FTIR retrievals can be characterized by means of degrees of freedom for signal 3 (DOFS). On average, we obtain DOFS = 2.1 (Zugspitze) and DOFS = 1.8 (Lauder) for 4 methane retrievals, while for ethane retrievals DOFS = 1.6 (Zugspitze) and DOFS = 1.2 5 (Lauder) is reached. Solar tracker inaccuracies and resulting total column errors during a short 6 period of the Zugspitze long-time record are accounted for using the pointing error correction 7 scheme developed by Reichert et al. (2015) . To obtain column-averaged dry-air mole 8 fractions, the retrieved total columns of methane and ethane are divided by the corresponding 9 dry pressure column, which is derived from ground pressure measurements and four times 10 daily pressure-temperature-humidity profiles from the National Center for Environmental 11 Prediction (NCEP) interpolated to FTIR measurement time. Column-averaged dry-air mole 12 fractions provide valuable information for source-sink-inversion studies, as they are 13 independent of variations in surface pressure, solar zenith angle, and humidity (Toon, 2008) . 14 15
To infer methane and ethane long-term trends from the FTIR time series we follow the 16 approach by Gardiner et al. (2008) . First, seasonal cycles of XCH 4 and XC 2 H 6 time series are 17 removed by fitting and subtracting an intra-annual model (third-order Fourier series). The 18 second step involves a least squares fit of a linear trend to the deseasonalized time series and 19 bootstrap resampling of the residuals to determine the linear trend uncertainty. The trend 20 analysis is performed for two distinct time periods (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) , which 21 correspond to methane trend turning points published in earlier work (e.g., Rigby et al., 2008; 22 Dlugokencky et al., 2011; Sussmann et al., 2012; IPCC, 2013) . 2 [5.6, 6 .9] ppb yr -1 at Zugspitze, 6.0 [5.3, 6.7] ppb yr -1 at Lauder) persists until the 32 end of 2014 at both stations and agrees well with the reported global surface methane trend 1 (e.g., Dlugokencky et al. 2011; Nisbet et al., 2014 in high northern and southern latitudes (Aydin et al., 2011) as its lifetime of 2.6 months (Xiao 22 et al., 2008) exceeds zonal mixing timescales of about 2 weeks (Williams and Koppmann, 23 2007) . Methane has an even longer lifetime of about nine years (Prather et al., 2012) and is 24 therefore well-mixed north of 30° N and in the Southern Hemisphere (Simpson et al., 2002; 25 Saito et al., 2012) . Trend analysis reveals no significant trend for IHG-XCH 4 in both time 26 periods considered, while the trend of IHG-XC 2 H 6 is also statistically insignificant in the 27 beginning, but changes to a significant positive trend after 2007 (see Table 1 ). 28
We can interpret our findings on the trend behavior of ethane and its interhemispheric 30 gradient in relation to methane emissions as follows. Major ethane sources are biomass 31 burning, biofuel use, and fossil fuel fugitive emissions from the production and transport of 32 coal (coal-bed gas), oil (associated gas), and natural gas (unassociated gas). About 80 % of 1 global ethane emissions are located in the Northern Hemisphere (Xiao et al., 2008) . In 2 contrast to methane, ethane cannot completely mix over both hemispheres, as its lifetime is 3 short compared to the interhemispheric exchange time of approximately 1 year (Tans, 1997; 4 Williams and Koppmann, 2007; Aydin et al., 2011) . Ethane concentrations have continuously 5 declined since the 1980s, which can be explained by reduced fossil fuel related emissions 6 (Aydin et al., 2011; Simpson et al., 2012; Helmig et al., 2014) . Negative ethane trends for 7 1996-2006 are also reported by Angelbratt et al. (2011) 
Ethane-to-methane ratio 27
Thermogenic and biogenic methane sources can be separated using their ethane-to-methane 28 emission ratios (Schoell, 1980) . While there are no associated ethane emissions during 29 microbial methanogenesis, ethane is emitted together with methane from thermogenic 30 sources, i.e., primarily from fossil fuel extraction. The molar ethane-to-methane ratio (EMR) 31 is larger than 1.0 % for largely thermogenic methane sources (Kang et al., 2014; Yacovitch et 1 al., 2014) , whereas biogenic sources are characterized by EMR values below 0.1 % (Taylor et 2 al., 2000; Jackson et al., 2014) . For atmospheric measurements in spatial and temporal 3 proximity to an emission source the ethane-to-methane ratio of this source (EMR source ) can be 4 determined from the linear regression slope in a scatterplot of ethane against methane mole 5 fractions. This technique has been applied in several studies to compare ethane-to-methane 6 ratios of atmospheric measurements with ratios in nearby natural gas pipelines (e.g., 7 Wennberg et al., 2012) . 8 9 Scatterplots of deseasonalized monthly mean XC 2 H 6 and XCH 4 at Zugspitze and Lauder are 10 shown in Fig. 2a for the period 1999-2006 and in Fig. 2b for the period 2007-2014. All 11 results of the linear regression and correlation analysis are summarized in Table 2 . We find a 12 close proximity to sources), it is not possible to directly infer the ethane-to-methane ratio of 21 the source from the regression slope. Our methane and ethane time series measured at remote 22 sites are subject to long-term trends of emissions, photochemical loss (reaction with OH), and 23 mixing during atmospheric transport. Ethane-to-methane ratios (EMR background ) determined 24 from the regression slopes can therefore differ significantly from the original emission ratio 25 (Borbon et al., 2013; Yokelson et al., 2013) and will likely be smaller due to the different 26 lifetimes of methane and ethane (Wang et al., 2004; Parrish et al., 2007) . Nevertheless, a 27 rough estimate of the source ethane-to-methane ratio can be obtained using a simple heuristic 28 model: In a well-stirred reactor emission pulses are instantaneously mixed in the troposphere 29 followed by first-order chemical loss in the well-mixed troposphere (Parrish et al., 2007) . The 30 source ethane-to-methane ratio can then be inferred from the measured EMR background and the 31 rate constants for the reaction with OH (k ethane = 1.83 × 10 
This simplification is applicable as methane and ethane are long-lived compared to the period 4 of about 30 days required for the complete dispersion of an emission pulse throughout the 5 hemispheric troposphere (Parrish et al., 2007) . As a first approximation, such long-lived trace 6 gases can mix within a hemisphere and details of transport and mixing become unimportant 7 (Stohl et al., 2002) In summary, methane and ethane time series are significantly correlated for the period from 1 2007 to 2014 at Zugspitze. From the regression slope, we derive a source emission ratio range 2 which corresponds to thermogenic methane emissions from oil and natural gas sources. In 3 contrast, we do not find a significant ethane-methane correlation for Zugspitze data during 4 1999-2006 and for Lauder data in both periods. Consequently, we draw the inference that 5 thermogenic methane fugitive emissions from fossil fuel production and distribution have 6 significantly contributed to the renewed methane increase since 2007. 7
Optimized emission scenarios and thermogenic methane increase 8
To quantify the contribution of thermogenic methane emissions from the growing oil and 9 natural gas industry to the renewed methane increase since 2007, we proceed as follows: first 10 we infer the ethane emission change necessary to explain the observed positive ethane trend at 11
Zugspitze since 2007 using an atmospheric two-box model. These additional ethane emissions 12 not included in ethane emission inventories are then fully attributed to growing emissions 13 from oil and natural gas exploitation. As a second step we use a reasonable ethane-to-methane 14 ratio for oil and natural gas emissions to quantify the associated thermogenic methane 15 emission increase and relate it to the total methane emission increase during 2007-2014. hemispheric emission fraction (f N ) is distinct for individual ethane sources as they exhibit 31 different latitudinal distributions (i.e., f N equals 95 %, 90 %, 81 %, and 53 % for emissions 1 from oil and natural gas, coal, biofuel use, and biomass burning, respectively; see Table B2) 
and 15
16
Here, E CH4, tot, ini (y) and E C2H6, oil & gas, ini (y) are the initial annual global emissions of methane 17 and the initial emissions of ethane from the oil and gas industry in Tg yr -1 , respectively. 18
Optimized annual methane and ethane emissions are denoted as E CH4, tot, opt (y) and E C2H6, oil & the ethane increase observed at Zugspitze. The uncertainty of the inferred optimized emission 1 increase ΔE CH4, tot, opt and ΔE C2H6, oil & gas, opt is determined using a perturbation approach: the 2 lower (upper) bound estimate is inferred from a separate optimization with maximized 3 (minimized) model trend, which is obtained by setting all two-box model parameters to the 4 lower or upper bound of their uncertainty range (see Appendix B, Table B1 and B2) . 5 6 The contribution C of oil and natural gas emissions to the recent methane increase since 2007 7 can be inferred as the ratio of the methane emission increase attributed to the ethane oil and ( 4) 12 Here, EMR is the molar ethane-to-methane-ratio and M CH4 / M C2H6 the molar mass ratio of 13 methane and ethane (16 g mol -1 / 30 g mol -1 ). The uncertainty range (2.5th-97.5th percentile) 14 of the oil and natural gas contribution C is determined using a Monte Carlo simulation with 15 10 6 random samples from a normal distribution of EMR and from lognormal distributions of 16 ΔE C2H6, oil & gas, opt and ΔE CH4, tot, opt (parameter ranges are interpreted as 3σ-intervals of the 17 distributions). We consider three emission scenarios characterized by a distinct EMR range. for scenario 2 (only oil-related emissions), and C = [73, 280] % for scenario 3 (pure natural 8 gas sources). The lower boundary of these confidence intervals provides an estimate for the 9 minimum contribution of oil and natural gas emission to the renewed methane increase (upper 10 boundaries greater than 100 % are physically not meaningful and not further considered). As 11 oil and natural gas sources cannot be distinguished using the approach presented here, and 12 reliable information on the ratio of oil versus natural gas emissions is missing, a plausible 13 EMR for combined oil and natural gas emissions has to be assumed, which is represented in 14 scenario 1. In contrast, scenario 2 and 3 are only considered as limiting cases and should not 15 be perceived as realistic settings. where relatively short-lived ethane is reasonably well-mixed (Simpson et al., 2012) . Each 25 ethane source contributes with different efficiency to high-latitude ethane levels as 26 concentrated in different latitudes (fossil fuel and biofuel emissions in northern midlatitudes, 27 biomass burning primarily in tropics). We use the response ratios of HNL or HSL averages to 28 changes in hemispheric means as determined in Aydin et al. (2011) . In contrast to the case of 29 ethane, methane has a much longer atmospheric lifetime and therefore a relatively small 30 interhemispheric gradient of about 4 % (Kai et al., 2011) compared to 70 % for ethane 31 (Simpson et al., 2012) . Consequently, the latitudinal gradient between high latitudes and the 32 tropics is relatively weak compared to ethane. This is reflected in the ratio of HNL to 1 hemispheric methane averages, which amounts to 1.02 (derived from Dlugokencky et al., 2 2015b ) and is much smaller than this ratio for ethane (1.38; derived from Simpson et al., 3 2012 ). Therefore, we assume modeled hemispheric methane averages to be representative for 4 high latitudinal averages as a first approximation in the two-box model. In particular, this 5 assumption seems to be valid for methane as no distinction is made between different sources 6 with potentially different latitudinal distributions. 7 8 Considering only oil and natural gas ethane emissions in the emission optimization implies 9 attributing all additional ethane emissions compared to prior emissions to increasing oil and 10 natural gas sources. This approximation can be justified, as the long-term variability of ethane 11 is dominated by changes in its fossil fuel sources (Aydin et al., 2011) . Furthermore, no 12 evidence points to a long-term increase in biomass burning or biofuel use emissions 13 sufficiently strong to explain the observed ethane trend (see discussion in Sect. 4.1 and 14 Appendix A). The biomass burning emission inventory applied in this study (GFED4s) derived from the annual methane growth rate in that year using an atmospheric one-box 17 model and a mole fraction to mass conversion factor (Dlugokencky et al., 1998) . According to 18 that approach a methane growth rate of about 6 ppb yr and natural gas methane emission increase for 2007-2014 can be determined using a realistic 28 ethane-to-methane-ratio. We find a significant contribution of growing methane emissions 29 from oil and natural gas extraction to the total methane emission increase since 2007 30 estimated with the two-box model. Using Monte Carlo simulation we determine an oil and 31 natural gas emission contribution of at least 39 % (95 % confidence level) for the reference 32 scenario with an EMR range of 7.0-16.2 % and of at least 18 % for the highest EMR scenario 1 valid for pure oil emissions. 
Here, X N and X S are mean column-averaged mole fractions in the Northern and Southern 2
Hemisphere, λ is the tracer atmospheric lifetime (assumed constant), and τ ex is the 3 interhemispheric exchange time. E N and E S are total hemispheric tracer emissions (in units of 4 ppb yr -1 ), which can be determined from global emissions E global (in Tg yr -1 ) with the 5 conversion factor c (Tg ppb -1 ) and the fraction f N of global emissions in the northern 6 hemisphere according
. The two-7 box model described in Equations (B1) and (B2) can be used to model the time series of 8 methane (e.g., Kai et al., 2011) as well as ethane (e.g., Aydin et al., 2011) . The two-box 9 model parameters and their uncertainties as used in this study are summarized in Table B1 for 10 methane and in Table B2 Consequently we do not consider geologic ethane emissions in our box model as done in 26 several previous ethane studies (Pozzer et al., 2010; Aydin et al., 2011; Franco et al., 2015) . 27 28 Acknowledgements 29
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